The solubility of xenon in liquid n-pentane and n-hexane has been studied experimentally, theoretically, and by computer simulation. Measurements of the solubility are reported for xenon + n-pentane as a function of temperature from 254 to 305 K. The uncertainty in the experimental data is less than 0.15%. The thermodynamic functions of solvation such as the standard Gibbs energy, enthalpy, and entropy of solvation have been calculated from Henry's law coefficients for xenon + n-pentane solutions and also for xenon + n-hexane, which were reported in previous work. The results provide a further example of the similarity between the xenon + n-alkane interaction and the n-alkane + n-alkane interactions. Using the SAFT-VR approach we were able to quantitatively predict the experimental solubility for xenon in n-pentane and semiquantitatively that of xenon in n-hexane using simple Lorentz-Berthelot combining rules to describe the unlikely interaction. Henry's constants at infinite dilution for xenon + n-pentane and xenon + n-hexane were also calculated by Monte Carlo simulation using a united atom force field to describe the n-alkane and the Widom test particle insertion method.
Introduction
Mixtures involving n-alkanes and noble gases have been extensively studied and used as model systems for testing statistical theories of liquids. These chemical families provide a range of molecules whose physical properties gradually change within the homologous series or periodic group and are therefore especially suited to study the role of size, shape, and flexibility on the thermodynamic properties of liquid mixtures. The interaction between xenon and the n-alkanes, in particular, has been extensively studied. Xenon is highly soluble in lipids and fats and shows anesthetic properties at subatmospheric pressures. Given its chemical inertia, nontoxicity, and nonflammability (which make it an easy and safe gas to handle), xenon could be considered the perfect anesthetic; its use was recently submitted for regulatory medical approval in Europe. 1 A further important application of xenon in nuclear medicine involves the use of 133 Xe isotope to study cerebral blood flow and pulmonary functions. 2 At the molecular level, xenon is a spherical and structureless particle, with a high polarizability that enhances dispersion forces. Its intermolecular potential is therefore relatively well characterized. These properties justify its frequent use as a prototype solute in the study of solute-solvent interactions from first principles. In addition, one of xenon's most abundant natural isotopes, 129 Xe, has an NMR-active nucleus whose shielding constant is very sensitive to the local environment. The 129 Xe particle can thus be used as a "probe" to study the properties of condensed phases, biological structures, and microporous materials by NMR spectroscopy. 3, 4 In previous work [5] [6] [7] we reported low-temperature thermodynamic studies (from 160 to 200 K) of mixtures of xenon with the lighter alkanes (methane, ethane, propane, butane, and i-butane). We found that these mixtures exhibit a behavior that closely resembles that seen for mixtures of n-alkanes. The data, as interpreted by the statistical associating fluid theory (SAFT-VR), 8 indicates that xenon can be represented by a sphere with almost the same diameter and intermolecular potential, as those suited to describe the n-alkanes. The diameter of the xenon atom (measured, for instance, in terms of its van der Waals radius) agrees very well with that of the cross-sectional diameter of the n-alkanes. The following example provides further evidence of this behavior, as do the results presented in this work.
Excess enthalpies (H E ) for a number of equimolar mixtures of n-alkanes are plotted in Figure 1a as a function of temperature. From the figure we observe the general trend that n-alkanes mix with positive excess enthalpies at low temperature, which decrease with increasing temperature, passing through zero, and becoming negative at higher temperatures. The temperature at which H E (x ) 0.5) becomes negative changes from system to system. Interestingly, if the same data is plotted against the reduced temperature of the mixtures, T c 12 (defined as T c 12 
and T c 1 , T c 2 , V c 1 , and V c 2 are, respectively, the critical temperatures and critical volumes of the pure fluids) it can be observed that the temperature at which H E (x ) 0.5) becomes negative falls within 0.57 and 0.59 for all systems (Figure 1b) . Following our suggestions, 9,10 Blas and dos Ramos 11 were able to reproduce this universal behavior using the soft-SAFT equation. The reduced temperature at which H E (x ) 0.5) becomes negative was predicted by theory as 0.51-0.52.
Also included in Figure 1b are the H E (x ) 0.5) values for the xenon + propane and xenon + n-butane systems. Given the volatility of these compounds, the experimental data for these mixtures was determined at much lower temperatures. Nevertheless, the xenon + alkane data conforms to the general n-alkane + n-alkane trend.
As it will be shown, the results reported in this work provide further evidence supporting that these findings are not mere coincidences at the macroscopic level but reflect a more universal behavior at the molecular level.
Solubility measurements often constitute an important source of information about the properties and structure of solutions. 12 Precise measurements covering sufficiently large ranges of temperature are frequently the only means of obtaining the enthalpy and heat capacity changes associated with the dissolution process. In the present work, accurate determinations of the solubility of xenon in n-pentane as a function of temperature have been performed in the 254-304 K range. From the experimental results, thermodynamic quantities of solvation were calculated for both xenon + n-pentane and xenon + n-hexane, which was measured in previous work. 13 As before, 14 the systems were modeled using the SAFT-VR approach. Henry's constants at infinite dilution as a function of temperature were also obtained by molecular simulation and are directly compared with experimental results.
Experimental Section
The n-pentane solvent was obtained from Lab-Scan, analytical reagent, with a 99% mol/mol minimum stated purity. The liquid was purified by distillation in an inert atmosphere of dry nitrogen. The final purity was confirmed by checking its vapor pressure after degasification. Deviations from literature values 15 were found to be less than 0.1%. The xenon used was from Linde Gas with 99.99% mol/mol minimum stated purity. The gas was used as received from the manufacturer.
The experimental apparatus and procedure have been previously described in detail. 12 The solubility measurements involve equilibration of known amounts of dry gas and degassed solvent at constant volume and determination of the equilibrium pressure for the saturated solution maintained at constant temperature.
The amount of gas is determined by measuring its pressure in a calibrated glass bulb at constant temperature and correcting for gas imperfection. Pressure is measured with a transducer (Paroscientific model 0-7 bar, precision 0.01% FS). The pure solvent is degassed by successive melting/freezing cycles while vacuum pumping noncondensable gases. The amount of pure solvent is determined volumetrically. The equilibrium cell, based on the design of Carnicer, 16 has two capillaries through which the liquid is forced to circulate during the equilibration process, promoting a close contact with the gas. The volume of the cell was previously determined with a precision of 0.01%. The readings of pressure during the dissolution process are recorded until a constant value is reached, indicating that equilibrium has been attained. The final pressure, temperature, and level of the solution in the capillaries are then measured. Equilibrium is typically attained within 72 h.
Temperature is maintained constant in a water thermostat to within 0.01 K by means of a Hart Scientific PID temperature controller and is measured with a previously calibrated Pt100 platinum resistance thermometer. The measurement of solubility at different temperatures is done by simply changing the thermostat set point and waiting for a new thermodynamic equilibrium. With a single loading it is thus possible to make measurements over a large temperature range. Several runs, in which the temperature was both increased and decreased, were performed in order to check the reproducibility of the results.
Experimental Results
The solubility of xenon in n-pentane was experimentally measured from 254. 19 
where f 2 is the fugacity of the solute (component 2) and x 2 its molar fraction in the liquid solution. The equilibrium compositions were calculated iteratively from experimentally measured quantities allowing for imperfection of the gaseous mixture. The process starts with initial guesses for the molar fractions in both phases and continues with the determination of the quantities of solute and solvent present in the two phases. The process converges rapidly, and coherent values for y i and x i are obtained after a few iterations. The calculation of Henry's law coefficients is then immediate using eqs 1-3. For comparison purposes, it is useful to express Henry's coefficients at the same pressure, namely, the vapor pressure of the pure solvent. The pressure dependence for H 2,1 can be expressed as 19 where V 2 ∞ is the partial molar volume of the solute at infinite dilution and p 1 sat is the vapor pressure of the pure solvent. The vapor pressure of n-pentane was taken from ref 20 and the molar volume calculated using the equation reported by Cibulka. 21 The second virial coefficients for pure n-pentane were taken from Dymond et al. 22 and for pure xenon from the compilation of Dymond and Smith. 23 The crossed virial coefficient for the mixture was estimated using the Tsonopoulos correlation. 24 As a first approximation, the partial molar volumes of xenon in n-pentane, necessary for calculation of the Henry's law coefficients (eq 4), were estimated using the method described by Tiepel and Gubbins. 25, 26 This method has been applied to calculate the partial molar volume of several gases in water and proved to be accurate to within 3%. This uncertainty affects negligibly the values of the Henry's law constant.
Henry's law coefficients, H 2,1 (T, p 1 sat ), are plotted as a function of temperature in Figure 2 . The solubility of xenon in n-pentane has been previously measured by Pollack and Himm 27 at 283.15 and 293.15 K and are also included in Figure 2 . The values reported herein differ from these results, 1.7% and 0.5% respectively.
The dependence of the Henry's law coefficient in relatively narrow temperature ranges can be represented by the equation proposed by Clarke and Glew 28 The experimental results were fitted to eq 5, and the coefficients A i are listed in Table 2 . The relative deviations of the experimental results from the smoothing correlation do not exceed (0.25%, and the average absolute deviation (AAD) is 0.13%. The same procedure was applied to the solubility results of xenon in n-hexane from a previous work, 12 and the obtained coefficients are also included in Table 2 .
The change in molar Gibbs energy when the solute is transferred, at temperature T, from the pure perfect gas state at standard pressure to the dilute state in the solvent (standard Gibbs energy of solvation) 29 is given by 18 where p°is the standard state pressure, considered as 101.325 kPa. The standard enthalpy and entropy of solvation can be obtained by calculating the corresponding partial derivatives of the Gibbs energy with respect to temperature at constant pressure. The result for the enthalpy of solvation at temperature T and at the vapor pressure of pure solvent is
RT dp ] (4) [ln
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dT ) ] (7) while the standard entropy of solvation is given by
The thermodynamic functions of solvation were calculated from the Clarke and Glew smoothing equation for both xenon + n-pentane and xenon + n-hexane solutions. The results are listed in Table 3 . No values obtained directly by calorimetric determinations could be found for comparison.
Theory
A quantitative interpretation of the results was performed using the statistical associating fluid theory for potentials of variable attractive range, SAFT-VR. 8 The SAFT-VR equation has been extensively tested against simulation data 30 for model fluids and successfully used to describe the phase equilibria of a wide range of industrially important experimental systems; for example, alkanes of low molecular weight through to simple polymers 31 and their binary mixtures, 32-34 perfluoroalkanes, 35 alcohols, 36 water, 37 and carbon dioxide, [38] [39] [40] [41] have all been studied. The main expressions of the SAFT-VR equation of state for the square-well potential have been presented, and the reader is directed to the original reference for full details. 8 In the SAFT-VR approach, molecules are described as chains of m tangentially bonded hard spherical segments with the attractive interactions described by a potential of variable attractive range, such as the square-well potential used in this work. Each segment is characterized by three parameters, namely, the hardsphere diameter σ and the depth ε and width λ of the potential well. For the n-alkanes, a simple empirical relationship between the number of carbon atoms n in the alkyl chain and the number of spherical segments m in the model chain has been proposed in earlier work: 42,43 m ) 0.33(C -1) + 1. Values of m ) 2.33 and 2.67 are therefore used for n-pentane and n-hexane, respectively. A single sphere is naturally used to model the xenon atom. The remaining pure-substance parameters ε, σ, and λ are determined by fitting the theoretical expressions to the experimental vapor pressure and saturated liquid density data; the optimized parameters for xenon, n-pentane, and n-hexane 6, 13 were determined in previous work and are presented in Table 4 .
The study of phase equilibria in mixtures additionally requires determination of a number of unlike parameters. The unlike size parameter was calculated using the Lorentz combining rule and the unlike energy parameter from the Berthelot combining rule where deviations from the geometric mean can be allowed through the binary interaction parameter . For both xenon + n-pentane and xenon + n-hexane systems we used ) 1, since with this approximation we were able to quantitatively describe a number of xenon + n-alkane systems. [5] [6] [7] 13 The unlike range parameter was determined from the arithmetic mean
In this way, the SAFT-VR approach becomes completely predictive in the sense that no parameters are fitted to experi- (11) mental results for the mixtures being studied and are performed using solely pure-component parameters.
Computer Simulation
Henry's constants for xenon in n-pentane and n-hexane as a function of temperature were also obtained by computer simulation using Widom's test-particle insertion algorithm. The method uses Monte Carlo simulations to compute excess chemical potential (µ 2 exc,∞ ) of the solute 2 in the solvent 1 at infinite dilution, which in turn allows the calculation of Henry's constant by the well-known relation where µ 2 exc∞ is the excess chemical potential (the difference between the chemical potential of solute 2 in solvent 1 at infinite dilution and the chemical potential of pure species 2 at the ideal gas state), T is temperature, and F 1 is the density of pure solvent.
The excess chemical potential at infinite dilution is evaluated by where u TP is the interaction energy of the test particle with a configuration of solvent molecules, V is the volume of solvent in a given configuration, and {NpT denotes an isothermalisobaric ensemble average.
The computer simulations were performed using the MCCCS Towhee Monte Carlo molecular simulation package, version 6.2.2. 44 The force field used to describe both n-alkanes was based on TraPPE-UA, 45 whose main characteristics are fixed bond lengths, harmonic style angle bending terms, quadratic torsion terms for the intramolecular interactions, and the intermolecular terms are modeled by Lennard-Jones potentials centered on the carbon atoms. This is a united atom force field, which means that CH n groups are modeled as single pseudoatoms; however, the nonbonded parameters used were not those proposed by Martin et al. 41 Although TraPPE-UA produces good results for the excess thermodynamic functions of mixtures involving light n-alkanes (ethane, propane, and n-butane) and xenon, 46 vapor pressures of these n-alkanes as pure compounds were not well predicted, particularly at low temperatures. Recently, Laginhas et al. 47 carried out an optimization of the nonbonded parameters of CH 3 and CH 2 within the TraPPE-UA framework in order to obtain agreement between experimental and simulation results of vapor pressures and densities for the lightest n-alkanes (except methane) at low temperatures. More specifically, the procedure used by Laginhas was as follows: a trial and error optimization of nonbonded CH 3 parameters was done in order to match experimental and simulation results of vapor pressure and density for ethane. Using this pair of parameters, the CH 2 ones were determined by matching the same results for propane. Then, ε and σ for CH 3 and CH 2 , optimized in this way, were used to predict vapor pressures and densities for n-butane at low temperatures, giving a reasonable agreement between simulation and experimental results. Furthermore, using the optimized pairs of potential parameters, the authors were able to predict liquid-vapor equilibrium diagrams for xenon + ethane, xenon + propane, and xenon + n-butane binary mixtures. Xenon parameters have also been optimized by the same trial and error procedure, using the Lennard-Jones-type potential from Bohn et al. 48 as the starting point. However, in the case of the three n-alkanes studied, no unique pair of parameters for each interaction site was obtained for the entire temperature range tested. Two sets of parameters have been proposed: one for the low-temperature (up to 210 K) limit and the other for the high-temperature limit. In this work we use the high-temperature set of parameters for the n-alkanes and the unique set for xenon both obtained by Laginhas et al. The parameters used in this work are shown in Table 5 , where they are also compared with the original ones. The unlike parameters were obtained using the Lorentz-Berthelot combination rule, which means that no experimental results were needed to predict Henry's constants.
The calculations were carried out in the NpT ensemble with a single box having side lengths of approximately 35-40 Å and containing 300 solvent molecules. A 12 Å cutoff radius was used in the interaction calculations, and the neglect of longrange interactions beyond the cutoff radius was compensated by application of analytic tail corrections. Coulombic interactions were not considered, since all the molecules studied are neutral and apolar. In each simulation, a preliminary solvent equilibration run of 50 000 MC cycles (each cycle consisting of a number of moves equal to the number of molecules in the system) was done, followed by a production run consisting of another 200 000 MC cycle, which were divided into 20 blocks in order to calculate standard deviations. One thousand insertions of solute test particle were done for each MC production cycle (a total of 2 × 10 8 insertions per run). The Monte Carlo moves consisted of simulation box volume changes, coupled-decoupled configurational-bias regrowths, translations of the center of mass, rotations about the center of mass, and configurational-bias molecule reinsertions in the simulation box. Henry's constant calculations were done as a function of temperature from 250 to 305 K for xenon + n-pentane and 335 K for xenon + n-hexane at 5 K intervals. The system pressure was fixed to a value of 100 kPa. Henry's constants obtained by computer simulation were corrected to the solvent vapor pressure so that they can be compared with experimental results. The correction was done by the same procedure used to correct the experimental Henry's constants.
Discussion
The results of the SAFT-VR calculations for the xenon + n-pentane and xenon + n-hexane systems are presented in Figure  2 and compared with the experimental results. The Henry's constants were calculated from the chemical potential of xenon in the solvent at infinite dilution. 49 As can be seen from the figure, the SAFT-VR predictions are in excellent agreement with the experimental results for the xenon + n-pentane mixture. In the case of xenon + n-hexane the theoretical results underestimate the experimental Henry's coefficients by ∼10%. It should be kept in mind, however, that no deviations from the Lorentz-Berthelot combining rules were introduced, and there- fore, agreement with experimental data could be improved by adjusting the cross-interaction energy; however, this would detract from the comparisons being made to the n-alkanes. A theoretical interpretation of the results was also attempted by Monte Carlo simulation. Henry's constants as a function of temperature obtained by simulation are presented in Table 6 for xenon + n-pentane and Table 7 for xenon + n-hexane, both with their standard deviations. The comparison with experimental results is shown, respectively, in Figure 3a and 3b. In the case of xenon + n-pentane, the agreement between simulation and experimental results is remarkable, in particular at the lowest temperatures. In the high-temperature limit, the deviations between simulation and experimental results seem to increase, in any case not exceeding 7%. For xenon in hexane, the agreement is quite good, also showing more pronounced deviations at the highest temperatures; the maximum deviation from experimental results is 9%. The most interesting feature of the results is the fact that the prediction was done with a rather simple model for the n-alkanes. The xenon + n-hexane system is much better described by this model than by the OPLS all-atom force field, as used by Bonifácio et al. 13 As shown in this work, modeling n-alkanes with force fields based on implicit hydrogen atoms can be quite successful for vapor-liquid equilibrium predictions. It is also interesting to note the resemblance between the two models underlying the two theoretical treatments (TraPPE-UA and SAFT-VR). In both cases, the n-alkane molecules are taken as a chain of spherical segments interacting through a spherical symmetric potential, though the intramolecular interactions within the n-alkane chain are not considered explicitly in the SAFT model. The xenon particle is also modeled as a sphere of practically the same diameter. As can be seen, the results of both treatments are very similar and both are able to capture the similarity of thermodynamic behavior between xenon and the n-alkanes.
The standard enthalpy of solvation for xenon + n-pentane and xenon + n-hexane solutions is plotted in Figure 4 as a function of temperature. As can be seen, the enthalpy of solvation slightly increases at lower temperatures, goes through a maximum, and then decreases at higher temperatures. The temperature at which the solvation enthalpy is maximum is 254.5 K for xenon + n-pentane) and 275 K for xenon + n-hexane. Interestingly, these temperatures correspond to 0.54 reduced temperature for both solvents and is very close to the reduced temperature at which H E (x ) 0.5) becomes zero for mixtures of n-alkanes (Figure 1) .
The dissolution process of a solute in a solvent is often described as the combination of two contributions: (1) formation of a cavity with the appropriate size and shape to host the solute molecule and (2) where S s /S S represents the ratio of the surfaces of the solute and solvent cavities and can be calculated from partial molar volumes at infinite dilution of the solute in the solvent, molar volumes of the solvent, and simple geometrical considerations. The calculated interaction enthalpies, H int , are plotted in Figure 5 as a function of the reduced temperature. As can be seen, the interaction enthalpy of xenon and n-pentane is stronger (more negative) than that with n-hexane. This reflects the higher percentage of CH 3 groups in the n-pentane molecule, with which xenon interacts more strongly than with CH 2 groups. 51 However, perhaps more interestingly, it is also seen that the interaction enthalpy of xenon with both alkanes shows a maximum at a reduced temperature of 0.57. As previously explained, mixtures of n-alkanes mix with positive excess enthalpies at low temperature that decrease with increasing temperature, go through zero, and become negative at higher temperatures. The temperature at which H E (x ) 0.5) becomes negative is found to be within 0.57 and 0.59 for all systems (Figure 1b) .
It should be emphasized that separating the experimental solvation enthalpy into contributions from cavity formation within the solvent and solute-solvent interaction provides a clear indication that the explanation for the observed behavior should be at the level of the cross interaction. While the reason for this behavior is not clear, the present result is a further example of the similarity between the xenon + n-alkane interaction and the n-alkane + n-alkane interactions.
Conclusion
Solubilities of xenon in n-pentane, expressed as Henry's law coefficients, were measured between 254 and 304 K with an estimated accuracy of 0.15%. The thermodynamic functions of solvation such as the standard Gibbs energy, enthalpy, and entropy of solvation have been calculated from Henry's law coefficients and its temperature dependence for xenon + n-pentane solutions and for xenon + n-hexane from a previous work. The molar enthalpy of solvation was decomposed into its cavity and interaction contributions. For both systems the enthalpy of interaction shows a maximum at a reduced temperature of 0.57, the same reduced temperature at which the excess enthalpy for equimolar mixtures of n-alkanes change from positive to negative. This result provides a further example of the similarity between the xenon + n-alkane interaction and the n-alkane + n-alkane interactions.
The solubility results were modeled using the SAFT-VR equation and molecular simulation. The theoretical results predict closely the experimental solubility of xenon in n-pentane and n-hexane over the range of temperatures studied using simple Lorentz-Berthelot combining rules for the unlike interactions. 
